Four experiments were conducted in order to compare the effects of stimulus redundancy on temporal order judgments (TOJs) and reaction times (RTs). In Experiments 1 and 2, participants were presented in each trial with a tone and either a single visual stimulus or two redundant visual stimuli. They were asked to judge whether the tone or the visual display was presented first. Judgments of the relative onset times of the visual and the auditory stimuli were virtually unaffected by the presentation of redundant, rather than single, visual stimuli. Experiments 3 and 4 used simple RT tasks with the same stimuli, and responses were much faster to redundant than to single visual stimuli. It appears that the traditional speedup of RT associated with redundant visual stimuli arises after the stimulus detection processes to which TOJs are sensitive.
In simple reaction time (RT) tasks (e.g., Donders, 1868 Donders, / 1969 , participants are required to respond as quickly as possible to the presentation of any stimulus. In these tasks, responses are faster, on average, when two stimuli are presented than when only one is presented (e.g., Raab, 1962; Todd, 1912 , cited in Hershenson, 1962 . This speedup with redundant stimuli is often called the redundant stimulus effect (RSE), and it is a very general phenomenon. It has been observed with redundant visual stimuli (e.g., Miller, 1982; Schwarz & Ischebeck, 1994) and with redundant stimuli in two or three different modalities (e.g., Diederich, 1992; Diederich & Colonius, 1987; Forster, Cavina-Pratesi, Aglioti, & Berlucchi, 2002; Raab, 1962; Todd, 1912) . Analogous speedups with redundant stimuli have also been observed in go/no-go tasks (e.g., Mordkoff & Yantis, 1991) and in choice RT tasks (e.g., Grice, Canham, & Boroughs, 1984) .
Although the RSE is not very surprising, the reasons for it are still unclear. Research into the causes of the RSE have focused on two main questions, neither of which has yet been answered definitively. First, what is the locus of the RSE-that is, which processes operate more quickly in the presence of redundant stimuli? For example, are perceptual processes more rapid with redundant stimuli than with single stimuli? Alternatively, does the effect instead arise during motor processing (cf. Diederich & Colonius, 1987; Giray & Ulrich, 1993; Miller, Ulrich, & Lamarre, 2001; Mordkoff, Miller, & Roch, 1996) ? Second, what is the nature of the facilitation by which two redundant stimuli produce faster responses than does a single stimulus? One possibility is that redundant stimuli simply produce statistical facilitation (e.g., Raab, 1962) . Alternatively, the activations produced by the two stimuli could sum (in whichever stage), so that a criterion activation would be reached more rapidly when two stimuli are presented than when only one is (e.g., Miller, 1982; Schwarz, 1989 Schwarz, , 1994 see Townsend & Nozawa, 1995 , for an in-depth analysis). Yet other explanations posit crosstalk between channels, so that the presence of one stimulus affects the time needed for detection of the other (e.g., Bernstein, 1970; Mordkoff & Yantis, 1991) . Raab (1962) was the first to suggest a detailed model for the RSE, and his model included answers to both of these questions. Raab suggested that the RSE is a perceptual effect, caused by faster stimulus detection in trials with redundant stimuli than in trials with single stimuli. Todd (1912) also interpreted his early results as evidence that the RSE arises at the perceptual stage, suggesting that the excitatory effects of different stimuli summate at the perceptual level, and others have since interpreted RSEs in much the same way (e.g., Blake, Martens, Garrett, & Westendorf, 1980) . Moreover, Raab proposed that
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the effect arises because of statistical facilitation. In his model, all stimuli are detected separately, and in redundant trials, the response is initiated as soon as the first one is detected. That is, RT is determined by the latency of a single detection process if only one stimulus is presented, whereas it is determined by the winner of a race between two detection processes in redundant trials. Under very general conditions, the average time for the winner of the race will be shorter than the average time for either racer (see Miller & Ulrich, 2003) . Although Raab's (1962) model explains the speedup in mean RT caused by redundant stimuli, subsequent research has revealed that the idea of statistical facilitation does not explain observed RSEs at the level of RT distributions. According to race models such as Raab's, observed RT distributions should obey the so-called race model inequality (Miller, 1982; Ulrich & Giray, 1986) , in which (1) for every value of t, where F 1 and F 2 are the cumulative probability distributions (CDFs) of RT in the two singlestimulus conditions and F r is the CDF of RT in the redundant-stimulus condition. Specifically, this inequality holds for all separate-activations race models, in which the processes detecting the two possible stimuli operate separately and each operates at the same speed regardless of whether the other signal is presented (Ashby & Townsend, 1986; Luce, 1986) . Within such models, F r (t) can approach F 1 (t) ϩ F 2 (t) for small values of t if the detection times of the two single signals have a strong negative correlation (Colonius, 1990) , but even in that case, Inequality 1 must still hold.
Contrary to race models, observed RT distributions often violate the race model inequality for relatively small values of t (e.g., Diederich, 1992; Egeth & Mordkoff, 1991; Grice et al., 1984; Miller, 1982; Mordkoff et al., 1996) . Apparently, then, processing in redundantstimulus trials is not simply a race between two separate processes of the same sort seen in single-stimulus trials.
Instead, it appears that information from both stimuli is somehow combined together to activate the response, resulting in more than mere statistical facilitation. Such a combination can sometimes be explained in terms of cross-channel contingencies and cross-channel facilitation of racers, as in the interactive race model of Yantis (1991, 1993) . In addition, several so-called coactivation models have been developed to describe information combination and the facilitation that results from it, beyond that attributable to cross-channel contingencies (e.g., Miller, 1982; Miller & Ulrich, 2003; Schwarz, 1989 Schwarz, , 1994 . Nozawa (1995, 1997) presented a more general characterization of both the race model inequality and the models that do and do not satisfy it. So far, however, there have been no decisive attempts to discriminate among the alternative models.
In contrast to his suggestion that the RSE is produced by statistical facilitation, Raab's (1962) proposal that the RSE arises during perceptual processing has proven difficult to test. Some studies in which a perceptual locus of the RSE has been investigated have compared the effects of identical versus different redundant stimuli. If the RSE has a perceptual locus, it would seem reasonable to expect a larger RSE with identical stimuli. Consistent with this expectation, Schwarz and Ischebeck (1994) found evidence of a larger RSE for two parallel lines than for two orthogonal ones. Similarly, Mordkoff and Miller (1993) found larger violations of the race model inequality with two identical target letters than with two different ones, at least after some practice. These data suggest that the RSE is at least partially perceptual, but they are not definitive for two reasons: (1) The speed of perceptual processing was not actually measured, and (2) the observed patterns might arise during a decision process, rather than during a perceptual one, if two identical stimuli activate the detection decision more strongly than do two different ones.
The possibility of a perceptual locus of the RSE has also been examined with psychophysiological methods. For example, in experiments with presentation of visual stimuli to the left or right visual field or to both, eventrelated potentials (ERPs) in redundant trials differed from the sums of ERPs in single-target trials within 100 msec of stimulus onset, consistent with the idea of early perceptual interactions (Miniussi, Girelli, & Marzi, 1998; Murray, Foxe, Higgins, Javitt, & Schroeder, 2001) . This is even less direct evidence that the RSE results from a perceptual speedup, however, both because it is difficult to relate the size of ERPs to the speed of processing (Meyer, Osman, Irwin, & Yantis, 1988) and because strong assumptions are needed to justify the comparison of ERPs from the redundant condition against the sum of the ERPs from the two single-stimulus conditions.
As an alternative to the hypothesis of a perceptual locus of the RSE, researchers have, in a number of studies, examined the possibility that the RSE might result instead (or in addition) from a speedup in motor processing. Diederich and Colonius (1987) , Giray and Ulrich (1993) , and Plat, Praamstra, and Horstink (2000) all found evidence that motor processes operate differently in trials with redundant, as opposed to single, stimuli (e.g., a larger response force is produced), but none found that the motor processes operated more rapidly in these trials. In contrast, and Mordkoff et al. (1996) used psychophysiological techniques to measure the duration of motor processes directly, and they concluded that these processes had the same duration with redundant stimuli as with single stimuli, contrary to the hypothesis of a motor locus of the RSE. A similar conclusion was reached by Cavina-Pratesi, Bricolo, Prior, and Marzi (2001) on the basis of studies in which the stop signal paradigm was used (cf. Logan, 1994 
The question of the locus of the RSE is clearly a difficult one. Redundant stimuli may speed processing at more than one stage of processing, and the affected stages could depend on the task (e.g., stimuli and responses). For example, redundancy gain seems to be greater when redundant stimuli are presented in different sensory modalities than when they are presented in the same modality (e.g., Forster et al., 2002) , raising the possibility that between-and within-modality redundancy gain may be produced somewhat differently. Perhaps most seriously, though, attempts to localize the effects of redundant stimuli on the speed of processing in individual stages are hampered by the difficulty of isolating the time consumed by particular stages within the overall RT, which necessarily includes both perceptual and motor components.
The goal of the present experiments was to obtain a relatively direct measure of the influence of redundant stimuli on the speed of certain perceptual processes by using a temporal order judgment (TOJ) task. In TOJ tasks, observers are presented with two stimuli-say, S A and S B -in each trial. The time interval from the onset of S A to the onset of S B (i.e., the stimulus onset asynchrony, or SOA) varies randomly from trial to trial, and participants are asked to make an unspeeded judgment of which stimulus appeared first. The responses from a TOJ task are typically used to construct a psychometric function relating response probability to SOA (see, e.g., Figure 1 ). As the time from the onset of S A to the onset of S B increases, so too does the probability that the observer makes the response that S A appeared first.
TOJ tasks have often been used to test for effects of stimulus properties on the time needed for the detection of a stimulus. For example, Tappe, Niepel, and Neumann (1994) used a constant 2300-Hz tone as S A in all trials. S B was a visual stimulus, and its spatial frequency varied across trials. They reasoned that if the latency of perceptual detection depended on spatial frequency, then at any given SOA, the probability of the "S A first" response should depend on the spatial frequency of the visual stimulus. Indeed, this is exactly the result that was obtained in their second experiment, and they interpreted it as evidence that low spatial frequency stimuli are detected more rapidly than high spatial frequency stimuli (cf. Parker & Dutch, 1987) . Note that this conclusion does not require the assumption that only perceptual processes contribute to TOJs; some postperceptual decision process are surely also involved (Sternberg & Knoll, 1973) . Instead, the conclusion simply depends on the assumption that the perceptual latencies used for the TOJ are sensitive to manipulations of the speed with which a stimulus can be detected. In keeping with that assumption, many other perceptual manipulations have also been found to affect TOJs, including stimulus intensity (e.g., Menendez & Lit, 1983; Roufs, 1963; Sanford, 1971) , stimulus duration (Jaśkowski, 1992) , stimulus rise time (Jaśkowski, 1993) , stimulus motion (Craig & Busey, 2003) , inhibition of return (Gibson & Egeth, 1994) , and directed attention (e.g., Stelmach & Herdman, 1991) .
It is straightforward to use the logic of the TOJ task to check for an effect of redundant stimuli on the time needed for perceptual detection. In each trial of our TOJ task, participants were presented with a constant auditory stimulus and a visual display consisting of a white rectangle to the left of fixation, a white rectangle to the right of fixation, or both rectangles. They were asked simply to indicate in each trial whether the visual display came on before the auditory stimulus, and we tabulated their responses for each type of visual stimulus at each SOA.
The major empirical question addressed by these experiments is whether the single and the redundant visual stimuli yield identical or different psychometric functions for the TOJs. If participants perceive two stimuli more quickly than one, then at a given SOA, they should be more likely to say that the visual display started first when that display has two stimuli than when it has only one. Such an effect would provide strong support for the idea that the RSE has an at least partly perceptual locus. Indeed, such an effect seems quite likely given that (1) adding a second target increases the total energy of the visual display and (2) TOJs are sensitive to stimulus energy.
Alternatively, suppose that the perceptual processes contributing to the TOJ are unaffected by redundancy (i.e., participants perceive one or two stimuli at the same latency, on average). In that case, the probability that the visual display will be perceived as starting before the auditory stimulus should be the same for single and redundant visual stimuli, and therefore, the psychometric functions obtained in these two conditions should be identical. This result would be evidence against the hypothesis of a perceptual locus of the RSE.
Of course, the use of the TOJ task to make inferences about the speed of perceptual processing in a simple RT task requires the assumption that an initial common perceptual pathway is used in both tasks, as has been acknowledged by all researchers using this technique (e.g., Sternberg & Knoll, 1973; Tappe et al., 1994) . This assumption seems extremely plausible: Surely, the initial sensory registration of visual stimuli on the retina and a great deal of subsequent visual processing would be independent of the task being performed. Thus, testing for an effect of single versus redundant stimuli in the TOJ task can indicate whether the RSE arises, at least partly, in this initial common pathway. It should be emphasized, however, that the numerical effect sizes (i.e., in milliseconds) are not necessarily comparable across simple RT and TOJ tasks, so we need not expect the same size redundancy effect on TOJs as on simple RT, even if the redundancy effect is entirely perceptual. Other perceptual manipulations (e.g., intensity) often have effects of different sizes on TOJs and on RTs (e.g., Jaśkowski, 1992; Menendez & Lit, 1983; Roufs, 1974; Sanford, 1971 ; but see Roufs, 1963 ). As will be considered further in the General Discussion section, there are a variety of explanations for such dissociations in effect sizes (e.g., Ejima & Ohtani, 1989; Miller & Ulrich, 2003; Neumann, Esselmann, & Klotz, 1993; Steglich & Neumann, 2000; Sternberg & Knoll, 1973 ; for a review, see Jaśkowski, 1996) .
EXPERIMENT 1
This experiment was conducted as a preliminary examination of the effect of redundant visual signals on TOJs, using a large number of relatively unpracticed participants.
Method
Apparatus and Stimuli. The participants were tested individually in a dimly illuminated, sound-attenuated experimental chamber. Stimuli were presented and responses and response latencies were recorded by an IBM-PC-compatible microcomputer.
The visual stimuli were white rectangles (luminance approximately 70 cd/m 2 ) presented on the dark background of the computer screen. At the viewing distance of 50 cm, each rectangle was 2.3º high ϫ 2º wide. In single-stimulus trials, the rectangle appeared 3.4º to either the left or the right of the central fixation square (edge to edge); in redundant-stimulus trials, rectangles were presented on both sides of fixation. Auditory stimuli were 900-Hz tones presented binaurally over headphones at approximately 50 dB. Both visual and auditory stimuli were presented until the participant made a response.
The participants responded by pressing keys with one or both index fingers on a standard computer keyboard. They responded by pressing the / or the Z key with the right or the left index finger to indicate whether the visual stimulus or the tone had been presented first, and the assignment of responses to keys was counterbalanced across participants.
Procedure. The participants were 42 first-year psychology students at the University of Otago, who participated in partial fulfillment of an introductory psychology class requirement. Each participant was tested in 12 blocks of trials in a single experimental session lasting approximately 45 min. Each block included 12 trials in which the visual stimulus was the left rectangle, 12 in which it was the right rectangle, and 12 in which both rectangles were presented.
Each trial began with a warning interval marked by the presentation of a fixation square, approximately 0.5º on a side, in the center of the computer screen. The warning square remained on the screen by itself for a warning interval of 500 ϩ E msec, where E was a random value sampled in each trial from an exponential distribution with a mean of 500 msec. At the end of this warning interval, the visual and auditory stimuli for the trial were presented, either simultaneously or with a small SOA, as will be described below, with the warning square remaining on the screen.
In each trial of the TOJ task, both the auditory stimulus and one of the three possible visual stimuli (i.e., left, right, or redundant) were presented. The SOA, measured from the onset of the auditory stimulus to the onset of the visual stimulus, was varied across trials, using an adaptive staircase procedure with a step size of 16 msec (Kaernbach, 1991) . For each type of visual stimulus, two independent staircases were maintained with target percentages of 25% and 75% "auditory first" responses. These staircases were set to SOA values of Ϫ100 msec and ϩ100 msec, respectively, at the start of testing for each participant, and the ending SOA value in each staircase for one block was used as the starting SOA value for the next block. The data from the two staircases were combined together to compute the final psychometric function for each participant. Figure 1 shows the observed psychometric functions for single and redundant visual stimuli. These observed functions were averaged across observers by Vincentizing (see Ratcliff, 1979) . In brief, each observer's observed psychometric function was monotonized using the maximumlikelihood algorithm of Ayer, Brunk, Ewing, Reid, and Silverman (1955) . Then linear interpolation was used as necessary to estimate for each observer the SOA corresponding to the pth percentile of the psychometric function, for p ϭ .05, .15, .25, . . . , .95. Finally, the average SOA was computed across observers for each of these percentile values to obtain the Vincentized percentile values.
Results
As is evident from the figure, there was little or no difference between the psychometric functions observed with single versus redundant visual stimuli. Two sets of statistical analyses were computed to compare the TOJs observed in these two conditions. In one set, for each observer, we estimated the value of each psychometric function (i.e., single or redundant) at each of 10 different percentile points from the 5th to the 95th percentile in steps of 10%. Paired t tests were then used to compare the single versus the redundant conditions, on average, across participants, separately for each percentile point. Reliable differences were obtained ( p Ͻ .05) at the 35th and 45th percentiles; at both of these percentiles, the single-stimulus condition had an SOA approximately 35 msec earlier than that in the redundant condition. These effects are in the direction consistent with a redundancy gain in perceptual speed-that is, the tone can occur slightly earlier in a trial with redundant, rather than single, stimuli and still be judged to have occurred earlier in a fixed proportion of the trials (e.g., 35%). In addition, 95% confidence intervals were computed to see how accurately the differences were estimated at each percentile. The confidence intervals indicated that the differences in percentiles were estimated to within approximately 35 msec.
In a second set of analyses, each participant's psychometric functions were summarized, for the single and the redundant conditions separately, once using probit analysis and once using the Spearman-Kärber method (see , for a comparison of these methods). Each method of analysis treats a psychometric function as a cumulative probability distribution (e.g., Finney, 1952; Trevan, 1927) and summarizes it in terms of its central tendency (mean for probit analysis, mean and median for Spearman-Kärber analysis) and variability (standard deviation and difference limen [DL] for both methods). The averages of these summary statistics across participants are shown in Table 1 . Paired t tests were computed to check for differences between the single-and the redundant-stimulus conditions, and no significant differences were observed ( p Ͼ .15 in all cases). If redundant stimuli are perceived more rapidly than single stimuli, the means and medians estimated from the redundant-stimulus condition should be larger than those estimated from the single-stimulus condition. The effects are in the direction consistent with faster perception of redundant stimuli for all three measures (probit mean vs. Spearman-Kärber mean vs. Spearman-Kärber median), but never significantly so. There was also a consistent tendency-never significant-for redundant stimuli to yield steeper psychometric functions than did single stimuli, as indexed by the variability measures.
EXPERIMENT 2
This was essentially a replication of Experiment 1, except that a few participants were tested over 10 sessions to see whether the results would generalize to highly practiced observers.
Method
The participants were 8 students (4 females) recruited on the campus of the University of Otago, and they ranged in age from 19 to 24 years (M ϭ 21.1 years). Each participated in 10 experimental sessions within a period of 15 days, with at most 2 sessions in a single day, separated by at least 1 h. These participants were paid NZ $70 for their participation. A 9th participant was also tested, but his data were excluded because he had great difficulty performing the task accurately (i.e., his psychometric functions were much shallower than those of the other participants). Aside from the repeated testing of individual participants, this experiment was identical to Experiment 1. Figure 2 shows the observed psychometric functions for single and redundant visual stimuli, pooling trials across Sessions 3-10. 1 Clearly, there was little or no difference between the functions for single and redundant stimuli. Although the psychometric functions varied greatly from one observer to the next, there was little difference between the single and the redundant functions for any observer. Paired t tests comparing the single and the redundant conditions showed marginally significant ( p Ͻ .10) effects of 20 and 14 msec at the 25th and 75th percentiles, respectively, with larger SOAs in the redundant conditions at these percentiles, consistent with redundancy gain in detection time. At the 95th percentile, however, a significant effect of 35 msec in the opposite direction was obtained ( p Ͻ .05). Comparisons of the summary statistics shown in Table 1 showed no hints of differences in measures of central tendency ( p Ͼ .1 for all three measures). There was, however, some evidence of smaller variability with redundant stimuli ( p Ͻ .05 for the Spearman-Kärber estimate of SD, and p Ͻ .1 for the probit estimate of DL).
Results

EXPERIMENT 3
The small and inconsistent effects of redundant stimuli on TOJs in the first two experiments suggest that, at most, a little of the RSE observed in simple RT arises during the perceptual detection processes common to the TOJ and the RT tasks. In order to strengthen this conclusion, however, it was important to check the size of the RSE on simple RT with the same stimulus conditions as those used in the TOJ tasks of these experiments. That was the purpose of this experiment.
Method
The participants were 20 individuals from the same pool as that tested in Experiment 1. Each was tested in 12 blocks of trials during a single session lasting approximately 45 min. In 6 blocks, the left and the right rectangles were each presented in eight trials, both were presented in eight trials, and there were four catch trials in which no stimulus was presented. The other 6 blocks included these same trial types plus an additional eight trials in which just an auditory stimulus was presented. This between-blocks comparison was included to see whether there was any effect of requiring participants to monitor for tone onset, because this requirement is necessarily present in the TOJ task but is generally absent from experiments looking at the effects of redundant visual signals on RT. In fact, this manipulation had no effect on the results, so it will not be discussed further. In all blocks, the participants were instructed to respond by pressing the slash key with the right index finger as quickly as possible after the onset of any stimulus.
Results
The participants responded to all visual and auditory stimuli, yet made false alarms in only approximately 0.4% To examine the effects of redundancy at the distributional level, Vincentized RT distributions were computed for the single-and redundant-stimulus conditions, and these are shown in Figure 3 . Notably, the 22-msec advantage for redundant stimuli over single stimuli was consistent throughout the full range of the RT distributions, from shortest to longest RTs. In keeping with this shift, the distributions of single-versus redundantstimulus RTs were significantly different ( p Ͻ .05) by the Kolmogorov-Smirnov test for 10 out of 20 participants and were marginally significant (p Ͻ .10) for 1 other. Also shown in the figure is the sum of the Vincentized single-stimulus CDFs, used to test the race model inequality. The inequality was significantly violated at the 5th percentile [t(18) ϭ 2.875, p Ͻ .01], indicating that some coactivation was present in these data.
Another measure for indexing the effects of redundancy on RT distributions (e.g., Townsend & Nozawa, 1995; Wenger & Townsend, 2000) is the total system capacity up to each time point, C(t), defined as (2) H r (t) is the integrated hazard function for the condition where h r (t) is the hazard function in this condition (see Luce, 1986; Townsend & Ashby, 1983) . H 1 (t) and H 2 (t) are the analogous quantities for the two single-stimulus conditions. With this measure, the value C(t) ϭ 1 is the maximum value compatible with unlimited-capacity processing models, so observed values of C(t) Ͼ 1 are evidence of supercapacity processing, which is closely related to coactivation (see Townsend & Nozawa, 1995) . Figure 4 shows C(t) functions estimated from the results of this experiment, using the procedure outlined by Wenger and Townsend (2000) with a bin size of 20 msec. Consistent with the results of the CDF analysis, there are strong signs of supercapacity processing in the lower tail of the RT distribution. Over most of the RT distribution, however, C(t) Ͻ 1, which could be a sign that responses to redundant signals are based on less than the sum of the capacities used in responding to single signals. Unfortunately, it is difficult to be sure of this interpretation, because variability in the motor component of the RT also tends to lead to results in which C(t) Ͻ 1. 2 Comparison of TOJ and RT results. The effect of redundancy on mean RT in this experiment was compared with its effect on mean perceptual latency. 3 In order to perform such a comparison, the first step was to combine the results from the short-and long-term participants in Experiments 1 and 2 into a single overall measure, X ′, of the effect of redundancy on perceptual latency, which could then be compared with the redundancy effect on RT in Experiment 3. A simple approach to combining these two sets of TOJ results is to average them, obtaining (3) where X s and X l are the effects of redundancy on TOJs of the short-term and long-term participants in Experiments 1 and 2, respectively. The standard error of this quantity can be estimated as (4) whereσ X s and σ X l are the observed standard errors of the redundancy effects with the short-and the long-term participants, respectively. The null hypothesis of equal redundancy effects on TOJs and RT can then be tested by computing (5) where Y corresponds to the effect of redundancy on RTs in Experiment 3. The standard error of Δ, σ Δ , can be estimated as (6) Using this approach yields the estimates Δ ϭ Ϫ17.7 and σ Δ ϭ 5.788 . The overall z test of the null hypothesis is then given by (7) which has a tail probability considerably less than 1%. Thus, the null hypothesis of equal redundancy effects on mean RT and perceptual latencies can be rejected with the combined data of Experiments 1, 2, and 3. 4
EXPERIMENT 4
Although the results of the first three experiments suggest that redundant stimuli have reliably larger effects on RTs than on TOJs, a subtle artifact in this between- experiments comparison may have been responsible for these results. 5 The artifact arose because the two types of experiments had different mixtures of visual displays. In the TOJ experiments, trials were equally likely to contain a stimulus on the left, a stimulus on the right, or redundant stimuli. As a result, the a priori likelihood of a given stimulus (e.g., the one on the left) was 2/3, but the likelihood of that stimulus given the other stimulus was only 1/2. In the terms of Mordkoff and Yantis (1991) , this reduction in the likelihood of one stimulus given the other represents a negative interstimulus contingency that could interfere with stimulus detection in redundant trials. In the RT experiment, however, there were also some catch trials with no visual stimulus at all, and the presence of these catch trials weakened the negative interstimulus contingency, relative to the TOJ task. It is possible, then, that redundancy gain was larger in the RT task than in the TOJ task because of the change in interstimulus contingencies, rather than because of any inherent differences between the two tasks.
Experiment 4 was carried out to test this possible explanation of the discrepant redundancy effects on RTs versus TOJs. The method was identical to that in Experiment 3, except that no catch trials or auditory stimuli were included. We hoped that random variation in the warning interval-identical to that included in the TOJ experiments-would be sufficient to prevent anticipation responses.
Method
The participants were 20 right-handed volunteers (17 females) between 20 and 30 years of age, recruited at the University of Tübingen. Sixteen participated in partial fulfillment of a curriculum requirement, and the other 4 were paid five Euros each for their participation. Each was tested in 12 blocks of trials during a single session lasting approximately 35-40 min. Each block included 30 trials, equally divided among the three possible stimulus conditions: left, right, or both. The participants were instructed to respond by pressing a designated key with the right index finger as quickly as possible after the onset of any stimulus.
Results
The participants responded within 100 msec of stimulus onset in approximately 1.8% of the trials, and these trials were excluded as anticipations. There were no misses. The mean RTs to the left and the right visual stimuli were virtually identical (M ϭ 308 and 305 msec, respectively), and these were significantly longer than RTs to redundant visual stimuli [M ϭ 289 msec; F(2,38) ϭ 25.67, MS e ϭ 955, p Ͻ .001]. The overall decrease in RT, relative to Experiment 3, may reflect differences in the equipment (e.g., display, keyboard) or in the participant populations. As was the case in Experiment 3, a comparison of Vincentized RT distributions indicated that the effects of redundancy were present throughout the full range of the RT distributions, and the distributions of single-versus redundant-stimulus RTs were significantly different ( p Ͻ .05) by the Kolmogorov-Smirnov test for 14 out of 20 participants and were marginally significant ( p Ͻ .10) for 1 other. Unlike the results of Experiment 3, however, the results of this experiment did not produce violations of the race model inequality. Similarly, an analysis of the RT distributions with the C(t) measure, using the same procedure as that in Experiment 3, indicated C(t) functions with the same general shape as those obtained in the earlier experiment, although with noticeably fewer points indicating supercapacity [i.e., C(t) Ͼ 1].
As in Experiment 3, the crucial analysis of this experiment compared the observed effect of redundancy gain with that obtained in the TOJ experiments. An analysis using the same method as that employed in the earlier experiment yielded Δ ϭ Ϫ12.91, σ Δ ϭ 5.54, and z ϭ Ϫ2.33. This z value is again highly significant ( p Ͻ .01, one-tailed), so this experiment reinforces the conclusion that redundancy has a larger effect on RTs than on TOJs. In particular, it does not appear that the change in interstimulus contingencies was entirely responsible for the earlier conclusion. Three differences in results in Experiments 3 and 4 do suggest, however, that the change in interstimulus contingencies had an effect in the direction predicted by the model of Mordkoff and Yantis (1991) . Specifically, (1) the overall effect of redundancy on mean RT decreased in the latter experiment from 22 to 17 msec, although this change was not significant [F(1,38) ϭ 2.65, MS e ϭ 86.81, .15 Ͼ p Ͼ .10]; (2) violations of the race model inequality were present in Experiment 3, but not in Experiment 4; and (3) there was stronger evidence of supercapacity processing of redundant stimuli in Experiment 3 than in Experiment 4.
GENERAL DISCUSSION
The large effects of redundancy on simple RTs in Experiments 3 and 4 contrast sharply with its small and inconsistent effects on TOJs in Experiments 1 and 2. Although participants can clearly respond more rapidly to redundant visual stimuli than to single visual stimuli, there is very little evidence that the redundant stimuli are perceived more quickly at the level of the perceptual latencies determining TOJs. Therefore, these results argue against a relatively early perceptual source of redundancy gain in simple RT and, instead, favor a relatively late account in which redundancy affects decision-making or motor processes. This conclusion is strengthened by evidence that perceptual manipulations (e.g., stimulus intensity) have strong effects on TOJs (e.g., Sanford, 1971) . To the extent that perceptual manipulations generally affect TOJs, the fact that a manipulation does not affect TOJs suggests that it does not have a perceptual effect.
As was mentioned in the introduction, a variety of perceptual manipulations (e.g., intensity) have larger effects on RT than on TOJs, and it is worthwhile to consider whether current theoretical accounts of these dissociations (see Jaśkowski, 1996 Jaśkowski, , 1999 , for reviews) could be extended to account for the virtual lack of redundancy effect on TOJs. One account is that the extra effects in RT tasks reflect postperceptual processes, but of course this account is completely consistent with our conclu-sion that the redundancy effect is postperceptual. A second account explains the dissociations in terms of an influence of stimulus offsets on TOJs, but not on RTs; this account, however, does not apply to the present responseterminated stimuli. A third account is that observers in TOJ experiments compensate somewhat for perceptual manipulations by paying more attention to the perceptually weaker stimulus (e.g., lower intensity). Such attention shifting could not account for the absence of a redundancy effect in the present TOJ experiments, however, because there would be no way to pay extra attention to single stimuli, as opposed to redundant ones. Moreover, recent tests of this account do not support the idea that the distribution of attention is influenced by stimulus intensity in TOJ tasks (Jaśkowski & Verleger, 2000) .
Three more accounts of the dissociation appear able to explain a finding of smaller redundancy effects in TOJs than in RTs, although none of these seems able to explain the absence of such effects. One such account, referred to by Jaśkowski (1996, p. 716) as the "hypothesis of different time-markers," is based on the idea that observers rely on different aspects of perceptual processing in RT tasks than in TOJ tasks. For example, Sternberg and Knoll (1973) suggested that RT responses may depend on the time at which perceptual activation crosses a threshold, whereas TOJs may depend on the time at which such activation reaches its peak. 6 This account predicts that perceptual manipulations would affect TOJs less than RTs, but it does not predict that effects on TOJs would disappear completely unless the latency of peak activation is insensitive to the perceptual manipulation, which seems unlikely. A second such account, described by Jaśkowski (1999) as the "channel coactivation hypothesis," is based on the idea that intersensory interactions between two stimuli speed the detection of both in a TOJ task (see Bernstein, 1970) . Again, these interactions would eliminate some of the effect of an experimental manipulation but would not make it disappear entirely. Finally, Miller and Ulrich (2003) developed an account based on the different variabilities of times needed to transmit perceptual signals to a conscious decision system and to a system responsible for generating motor responses. Their account also predicts that the effects of perceptual manipulations would be smaller in TOJ tasks than in RT tasks but would not disappear completely.
Because two visual stimuli were presented in redundant trials, there is a special variant of the hypothesis of different time markers that could account for the lack of redundancy effect on TOJs in these experiments. Suppose that in redundant trials, observers use some form of an average detection time of the two visual stimuli as the estimated visual latency for the TOJ, whereas they use the first-detected stimulus to generate a response in the RT task. In the TOJ task, the average of the two visual latencies in redundant trials would be the same as the average visual latency in single trials, so redundant displays would not appear to have earlier onsets than do single displays, on average. The idea that visual latency might be determined by the average, rather than the minimum, detection time for two visual stimuli receives some indirect support from evidence that latency judgments are influenced by the rise times and durations of stimuli, and not only by their onset times (e.g., Jaśkowski, 1993) , because this evidence indicates that sensory events following initial onset can influence perceived onset time.
Although this variant of the hypothesis of different time markers accounts for the equal means of the psychometric functions obtained with single and redundant visual stimuli, it seems rather unlikely in view of the similar variances of these functions. Assuming that the two visual latencies in redundant trials have a correlation less than 1, averaging them would produce a lower variance estimate of the visual onset time than is provided by a single-stimulus display. This, in turn, would reduce the variability of the psychometric function in redundant trials relative to single trials. Table 1 , however, provides little evidence of the dramatic reduction in variability predicted by this account.
Despite the lack of a clear redundancy effect in the TOJ task, it is impossible to conclude that redundancy has no effect on any perceptual process, because it is possible that the simple RT task involves perceptual processes other than or beyond those required for the TOJ task. In that case, redundancy could still affect some perceptual process that was used in the simple RT task, but not in the TOJ task. For example, Neumann and his colleagues (e.g., Neumann, 1990; Steglich & Neumann, 2000; Tappe et al., 1994) have suggested that, after an initial common perceptual processing pathway, incoming stimuli may be processed through two separate perceptual processing streams to influence motor responses and conscious awareness. According to Steglich and Neumann (2000) , these two processing streams might correspond to separate dorsal and ventral perceptual pathways (see Goodale & Humphrey, 1998; Milner & Goodale, 1993) . Within the context of this two-pathway model, the present results would imply that redundancy influenced neither the initial common pathway nor the pathway leading to conscious experience, although it could still influence perceptual processes driving the motor control system via what Neumann calls direct parameter specification. Even on this view, however, redundancy would be a fairly unusual perceptual manipulation, in that it would affect only the direct parameter specification pathway but not the initial common pathway or the pathway leading to conscious experience, whereas other perceptual manipulations (e.g., intensity) generally do have some influence on the common pathway and, hence, on TOJs. 7 Although the present work provides evidence that the RSE does not arise during the perceptual processing required in the TOJ task, the locus of this effect remains unclear. Given previous evidence that the effect is not motor (e.g., Mordkoff et al., 1996) , the suggestion from all of the findings together is that the RSE must arise in some fairly central process occurring after the common perceptual pathway used in both simple RT tasks and TOJ tasks but before the stage of motor activation. Some clues as to the nature of this process may be provided by the psychophysiological effects of redundancy, noted earlier (Miniussi et al., 1998; Murray et al., 2001) . Thus, even though the present experiments provide new information that helps to localize the RSE after early perceptual processes, further research will be needed to isolate the exact processes responsible for this effect.
